We study the superconducting instabilities generated by the inclusion in the Anderson lattice model of a density-density attractive potential between correlated electrons on nearest-neighbouring sites. Using a description of the normal phase based on a perturbative expansion around the atomic limit, we treat the attractive potential in the broken-symmetry Hartree-Fock scheme and analyze which of the possible symmetries of the superconducting order parameter leads to the highest possible transition temperature in the case of a two-dimensional square lattice. For values of the on-site f-repulsion large compared to the hopping amplitude, a suppression of any possible superconducting phase occurs, regardless of the symmetry of the order parameter.
Introduction
The problem of superconductivity in systems with strong electronic correlations has been intensively studied investigated in the last years, mainly in connection with the unusual properties of the uranium-and cerium-based heavy-fermion superconductors and high-Tc superconducting compounds. Since these materials are characterized by relatively small values of the coherence length, many approaches have focused on the conditions under which correlated electron systems can exhibit nearest-neighbour-pair superconductivity induced by short-range attractive interactions [1] .
In this paper we study a generalization of the periodic Anderson model (PAM) which includes a non-retarded nearest-neighbour attraction between correlated f-like electrons, which microscopic origin is not investigated here. The competition between this interaction and the Hubbard on-site repulsion plays a major role in the determination of the superconducting instability, which can develop in given parameter regimes. In particular, we analyze the possible symmetries of the superconducting order parameter, and investigate among them which is the one leading to the highest possible critical temperature. Since the PAM more naturally describes the physical properties of the heavy-fermion systems, the results presented here can be of relevance for characterizing of the superconducting phase, which develops at low temperatures in some U and Ce compounds. This expectation is also supported by the experimental evidence that Cooper pairs in heavy-fermion superconductors are formed with heavy-mass electrons originating from partially filled 4f and 5f shells.
Former theoretical investigations of heavy-fermion superconductors have used as a starting point similar versions of the generalized PAM studied here [2] [3] . A parallel point of view has also been adopted in recent work on the one-band extended Hubbard model [4] [5] [6] [7] [8] , where the effects of the competition between intrasite repulsive and intersite attractive density-density interactions were studied in the context of theories of high-Tc superconductivity.
Model The Hamiltonian of a generalized PAM is given by
The density-density interaction between f-electrons is assumed to be repulsive on the same site (U > 0) and attractive on nearest-neighbour sites (Wig < 0). In absence of this latter term, the model reduces to the standard periodic Anderson model. Considering a two-dimensional square lattice with nearest-neighbour hopping, we have ε(k) = -tγ(k) and W(k) = -Wγ(k) with t,W > 0 and γ(k) = 2(cos k + cos ky ). With the usual Hartree-Fock factorization, the bare site energy εj is renormalized by the Hartree term, i.e. εj -> è f = ε f -Wznf , z being the lattice coordination number and n f -Σσ (f ó f rσ ) with (AL|) fi|) = (f j fit) .
The formation of a superconducting phase with nearest-neighbour Cooper pairs has been analyzed within the broken-symmetry Hartree-Fock-BCS scheme, while looking for the solutions of the 21 equation for singlet and triplet (equal spin) pairing, respectively. Since the potential W(k -q) appearing in the gap equation can be expressed as a sum of orthogonal terms, which under lattice rotation are s-, d-and p-like, that is with η(k) = 2(cos kx -cos ky ), we can assume that the order parameter for the singlet case takes the form .6 5 
where the three terms refer to on-site, extended s-wave and d-wave pairing, respectively. In the triplet case the solution for the gap equation is assumed to have the form .6 t (k) = Δtx sin kx + qty sin ky .
The Tc equation for s-wave pairing is given by
. We have solved it in the general case as well as in the case in which the contribution of the anomalous averages coming from the U term is neglected (what amounts to put U = O in Eq. (3)).
The above equations contain the "normal state" Green function G f f , not including the anomalous averages coming from the Hartree-Fock factorization of the intersite attractive potential. The onset of the superconducting instability is determined by solving self-consistently the Tc equation for each of the possible symmetries of the order parameter, together with the equations fixing the total electron density n =
n f + n, = 2(kBT/N) Σk v[G f f (k, ωv) + Gcc(k, ωv)] and the f-electron density
n f . The normal state Green functions G f f and G" are evaluated by means of an expansion around the atomic limit [9] , which at the lowest order is equivalent to the Hubbard I approximation. Compared with standard mean-field approaches, this choice is expected to lead to a more reliable description of the model in the intermediate and in the large-U regime.
Results and discussion
The results presented here refer to the case of total electron density close or equal to two electrons per site. In such a case both the f-electron G f f and c-electron G" Green functions exhibit four poles which arise from atomic transitions connecting the two-particle ground state with one-and three-particle levels [9] (this holds up to temperatures not so high to give rise to transitions between excited levels). Moreover, we have fixed everywhere ε, = O and of = -0.5, and all the energies are measured in units of the unperturbed half-bandwidth D = 4t.
In the limit of zero on-site Coulomb repulsion the PAM becomes exactly solvable, with an excitation spectrum consisting of two bands separated by a hybridization gap. For realistic values of the hybridization coupling, the superconducting phase showing the highest Tc , at any density below half filling (n < 2) is characterized by the d-wave symmetry of the order parameter. No solution for the T, equations is found for n > 2, owing to the fact that, for U = O and with the site energy ε f close to the bottom of the conduction band, densities n > 2 always imply a double f-occupation per site, which prevents f-electron itinerancy.
A finite value of the on-site repulsion U introduces remarkable changes to this scenario. First of all, when U starts exceeding the unperturbed bandwidth 2D, superconductivity tends to be suppressed, regardless of the symmetry of the order parameter. Moreover, the results reported in Fig. 1 show that lower values of U lead to a decrease in T, with respect to the case U = 0, which is more pronounced for s-and d-than for p-wave pairing. We have also reported in the same figure T, for s-pairing obtained by putting U = O in Eq. (3) (long-dashed line). For the parameter values chosen, this simplification yields higher values of Tc , compared to the complete treatment (solid line). This indicates the existence of parameter regimes in which the anomalous averages originated from the U term cannot be neglected. Differently from the case U = 0, a superconducting instability (with s-pairing only) can also occur above the half filling. Indeed, the finite value chosen for U is such that the double f-occupation regime is only reached at densities significantly greater than 2 (for the data reported in Fig. 1 , at n = 2.2 we still have of = 1.76). We also note that the relative stability of s-, d-and p-wave is strongly dependent on the hybridization. Lower values of V, for instance, tend to make s-and d-pairing more stable than p-pairing.
The value of n very close to the half filling, at which T, vanishes for all possible symmetries, corresponds to an insulating state, in which the two lower bands are completely filled and the two upper ones are completely empty, as it can be seen from the corresponding energy spectrum reported in Fig. 2 (the lowest band is indeed a localized level of almost pure f-character). The chemical potential lies in the middle of the central gap and its behaviour as a function of n (not reported here for brevity), shows correspondingly a jump, which signals a metal-insulator transition.
The effect introduced by changes of the other parameters of the model (1), competition between superconductivity and phase separation, as well as a more complete characterization of the superconducting phase at half filling will be presented in an extended version of this paper. 
